ABSTRACT A novel three-port converter for renewable energy applications is proposed based on a five-terminal impedance network, which is different from the traditional four-terminal (two-port) impedance network, therein, this impedance network characterizes unique features of the proposed converter. It is composed of three ports, i.e., one input port for renewable energy inputs like solar energy, one port of energy storage units for energy harvesting and supplying, while the last one is for loads. The proposed converter with reduced number of components can operate in different conditions of intermittent renewable energies. A detailed analysis is presented within three practical cases. Furthermore, a close loop control strategy is designed and applied in the proposed converter. It is followed with parameters design and components stresses analyses, finally, its effectiveness is verified by an experimental prototype.
I. INTRODUCTION
Due to clean, high efficiency, reliable, and sustainable merits of renewable energy systems (short for RESs), RESs such as wind turbine generators and photovoltaic panels, have taken up a large ratio of electricity generation to replace the polluted, high-cost and low-efficiency traditional power generation [1] , [2] . There is, however, a major disadvantage of RESs, i.e. RESs such as wind or solar are related to weather conditions and this stochastic or intermittence characteristic increases the complexity of the grid integration [3] , [4] . One of the solutions is to use energy storage systems (short for ESSs) for balancing the output of RESs [5] . An example of solar energy system with ESS is shown in Fig. 1 , where solar energy unit is required to boost up the low voltage of PV panels to the power grid voltage, so a high voltage gain boost converter is required [6] , moreover, the ESS unit is bidirectional to make up the shortage of RESs for stabling the output, to here, at least two additional converters are required to connect the PV and load ports [7] . In the detailed diagram as shown in Fig. 1 , power electronic converters play a vital role in bridging various RESs and ESSs into a system and monitoring the power conversion and storage for balancing the outputs [8] . Traditionally, multi-stage multi-port converters are preferable to perform power conversion and grid integration for multiple sources. For example, several stages of power converters are integrated for combining renewable sources, energy storages, and power grids, as shown in Figs. 2 and 3 , therein, three converters are required traditionally, which results in low efficiency and high cost of the system [9] . Moreover, additional switches also increase the system's complexity [10] , while the cooperative control strategies of these converters lower the stability [11] . To improve the aforementioned multi-stage multi-port systems, two converters are applied to realize the energy conversion of three-ports, as shown in Fig. 4 , two converters are used to realize their functions, which shows features of fewer components and higher efficiency. It, however, still results in a two-stage structure system [12] , [13] . Hence, integrated converters with few switches, small volume and high efficiency are eagerly required in industries.
In order to well solve these problems, single-stage multi-port converters are proposed. For example, a threeport bidirectional converter had been proposed in [14] for a fule-cell and battery system to improve its transient response and also ensure constant power output from fuel-cell source, Zhang et. al. presented a one-stage multi-port converters for applications of renewable energies and energy storages [15] , Piris-Botalla et. al. devised a three-port DC-DC converter to be used in hybrid energy storage systems [16] , and some unique structures of three-port converters were correspondingly applied in different applications [17] - [19] .
Specially, a typical three-port converter for stand-alone PV systems had been proposed in [20] , the converter not only provided high voltage gain and multiple operating modes, but had a compact single-stage structure. They proposed an effective and typical solution for PV systems.
However, there are still many switches and complex control strategies, moreover, shoot-through problems will finally result in instability of the system due to multi input and output ports. Thereby, a simple single-stage multi-port converter is eagerly required to be with the following features.
• A single-stage converter with fewer switches • Input ports for interfacing the renewable sources • Integration of energy storage system • A wide output voltage gain • Being immune to the shoot-through problems • High efficiency, compact size, low cost, and high stability It is known that impedance networks have the merits of high-voltage gain and immunity to shoot-through [21] , [22] . Inspired by this technique, a novel impedance network with five-terminal is designed, which is different from the traditional four-terminal one (two-port) [23] - [25] . Based on this designed impedance network and in terms of the aforementioned goals, a three-port converter is proposed and analyzed in this paper.
The body of this paper is organized as follows. In Section II, several multi-terminal impedance networks are introduced, specially, a novel five-terminal impedance network applied in the proposed converter will be described. The proposed converter's design and its operational analysis are given in Section III. Then, analyses of the components and their parameters design are conducted in Section IV. It is followed with simulations and experiments verifications in Section V and Section VI. Finally, a conclusion is drawn in Section VII.
II. MULTI-TERMINAL IMPEDANCE NETWORKS
Different from the traditional two-port (four-terminal) impedance network in Fig. 5 
III. SYSTEM DESIGN AND ANALYSIS
A unique three-port converter is devised as show in Fig. 6 , therein, a five-terminal impedance network as shown in Fig. 5(b) is used to connect input, output and energy storage VOLUME 6, 2018 unit ports. The proposed converter includes a diode D, two switches, S 1 , S 2 , and a five-terminal impedance network composed by three capacitors, C 1 , C 2 , C 3 , and two inductors, L 1 , L 2 . The design's distinct features are as follows, i.e. only two switches with three-port, few components, desired functions in all conditions of renewable energy, high efficiency, compact size, low cost, and high stability.
The proposed converter can operate in all cases of the renewable energies as shown in Fig. 7 . Solar energy is addressed as an example for all cases, i.e. Case 1 (sunny days): the solar energy is abundant enough, and the energy storage unit is charged; Case 2 (cloudy days): the solar energy is not abundant, and the energy storage unit offers energy to the load; and Case 3 (nights or rainy days): there is no solar energy, and only the energy storage unit offers the energy to the load. To simplify the analysis, some assumptions are made as follows. There are two operating conditions, namely symmetrical and asymmetric outputs. As depicted in Fig. 7 (a), the load and energy storage units absorb energy from solar panels.
1) CONDITION 1 -SYMMETRIC OUTPUT
There are three modes corresponding to three equivalent circuits shown in Figs Mode 1 (t 0 < t < t 1 ): As shown in Fig. 8 (a), S 1 is on while S 2 is off during this time interval of (1−d 2 )T . In loop1, solar panels and L 1 discharge the energy to C 2 . Capacitors C 1 and C 3 are charged by the solar panel and L 2 via loop2. Thereafter, the currents of inductors, i L 1 and i L 2 , decrease, the voltages of capacitors, v C 1 , v C 2 , and v C 3 , increase. The voltages across the inductors are
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and
where
, and V C 3 are the voltages of the solar panel, C 1 , C 2 , and C 3 , respectively. For node 5 of Fig. 8 (a), one can obtain its KCL equation as
where I L 2 and i R 2 are the currents of L 2 and the energy storage unit, respectively. While KCL equation of node 3 in Fig. 8 (a) is
where i R 1 is the load current. The load absorbs energy through
and the output voltage of the energy storage unit, v O 2 , is
Mode 2 (t 1 < t < t 2 ): In Fig. 8(b) , the switches S 1 and S 2 turn on at the duration of (d 1 +d 2 −1)T . Capacitors C 1 and C 3 discharge the energy to inductor L 1 via loop1, capacitor C 2 discharges the energy to inductor L 2 via loop2; thereafter, the currents of inductors, i L 1 and i L 2 , increase, the voltages of capacitors,
From loop1, one has
where I L 1 is the current of L 1 . For node 3 of Fig. 8(b) , one can obtain its KCL equation as
The load absorbs energy through ''C 3 −load'' loop, hence,
and v O 2 writes
Mode 3 (t 2 < t < t 3 ): As shown in Fig. 8(c) , S 1 is off, S 2 is on during this time interval of (1-d 1 )T. In loop1, C 2 is charged by solar panels and L 1 . The solar panel and L 2 discharge the energy to C 1 and
For node 5 of Fig. 8(c) , one can obtain its KCL equation as
Similarly, the KCL equation of node 3 in Fig. 8(c) is
The load obtains energy through the C 3 −load loop. Hence, the output voltage is (11) while v O 2 reads (6).
It is concluded that voltage of L 1 , currents of C 1 and C 3 are
In terms of voltage-second constant theory of L 1 , one has
Substituting (17) into (20) leads to
Due to the structural symmetry of the five-terminal impedance network, one has
Then, substitute (22) into (21) and solve, one has
Similarly, in terms of ampere-second property of C 1 and combine (18) yields
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Substituting (23) into (25) leads to
Similar as C 1 , C 3 reads
Substituting (23) into (27) results in
From Ohm Law, solving (26) and (28) yields
From (22), (24), and (29), one has
Substituting (24), (30), and (31) into (5), (6), (11) , and (12) leads to
and 
2) CONDITION 2 -ASYMMETRIC OUTPUT
In this condition,
Mode 1 (t 0 < t < t 1 ): As shown in Fig. 10(a) , S 1 and S 2 are turned on during this time interval. The analysis is similar to Mode 2 in Condition 1.
Mode 2 (t 1 < t < t 2 ):
The equivalent circuit is shown in Fig. 10(b) . S 1 is on, and S 2 is turned off during this time interval. The analysis of this mode is similar to Mode 1 in Condition 1.
Mode 3 (t 2 < t < t 3 ): In Fig. 10(c) , S 1 is off, and S 2 is on. The analysis is similar to Mode 3 of Condition 1.
It is concluded that the same equations as (32) and (33) are derived in this case, while the key waveforms in Condition 2 are drawn in Fig. 9(b) . In Condition 2, the output waveforms of output ports are asymmetric, which is different from Condition 1.
B. CASE 2: CLOUDY DAYS
As shown in Fig. 7(b) , output ability of solar panels is not enough to offer the load individually since the sun is covered by cloud. The equivalent circuit of the converter is shown in Fig. 11 . There are also two operating conditions in this case. The analysis of this case is similar to Case 1. Similarly, outputs can be derived as (32). Fig. 7 (c) depicts that solar panels have no output ability at night or in rainy days. Energy storage unit offers energy to the system instead of the input source with an equivalent circuit shown in Fig. 13 . Since the analysis and key waveforms are similar to Case 1 and Case 2, the detailed deduction process is not presented here, one can obtain the same output voltage as (32).
C. CASE 3: NIGHTS OR RAINY DAYS

IV. COMPONENTS ANALYSIS AND PARAMETERS DESIGN A. PARAMETERS OF INDUCTORS
The parameter design of the inductor is to determine the rated current and inductance by a given permitted fluctuation The peak-to-peak current of L 1 , i L 1pp , writes
Solve (34) and (35), L 1 yields
B. PARAMETERS OF CAPACITORS
The design of the capacitor is to determine the rated voltage and capacitance by a given permitted fluctuation range x C %, an inductor current I L , and a switching period T . Voltages of C 1 , C 2 , and C 3 are obtained from (24), (30), and (31). Denote v C 1pp as he peak-to-peak voltage of the C 1 , and one has
and solving them yields
Similarly, C 2 and C 3 can be derived.
C. VOLTAGE STRESSES OF COMPONENTS
The voltage stresses of C 1 , C 2 , and C 3 are obtained from (24) 
(41) VOLUME 6, 2018 It is concluded that voltage of each component is shown in TABLE 1. 
D. CURRENT STRESSES OF COMPONENTS
Solve (26), (32), and (33), and I L writes
Switches bear the maximum currents when they are both on, hence, the maximum currents of S 1 and S 2 , i S 1max and i S 2max , are chosen as
therein, i R 2max is the maximum current of energy storage unit, while i R 1 min is the minimum load current. When S 1 is off and S 2 is on, diode D bears the maximum current i D max as
where i R 2 min is the minimum current of energy storage unit. It is noted that the current stress of each component is shown in TABLE 2. 
E. CLOSE-LOOP CONTROL 1) SMALL-SIGNAL MODEL
In terms of [26] and [27] , the circuit shown in Fig. 6 is simplified as Fig. 14(a) , which results in two modes, shoot-through and non-shoot-through modes as shown in Figs. 14(b) and 14(c), respectively. Denote the shootthrough duty cycle as D and the state variables vector as Hence, the differential equations can be written as
where 
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where r C and r L are the winding resistors of inductor and ESR of capacitor, respectively. Then, the small-signal state equation can be written as
are the average coefficient matrices of x and u, respectively. 56), as shown at the bottom of this page.
2) CONTROLLER DESIGN
The control diagram is shown as Fig. 15 to realize three energy channels' conversion, i.e. the blue control lines are to realize the maximum power point tracking (MPPT), the yellow control lines are to realize the stable output of the capacitor voltage, while two groups of green lines are connected to realize the voltage and current controls of the ESS unit. Since there are only two switches in this converter, competitive mode selection control strategy is applied to realize these, i.e. energy conversion is realized in sequence by their competition.
Substituting 
whose frequency domain characteristics are depicted in Fig. 16 , it is obvious that the system is unstable. Since the phase margin is insufficient, a series leading correction is designed as Eq. (58) for stabilizing the system.
In terms of the series leading correction equation in Eq. (58), one can obtain the improved system whose frequency domain characteristics are depicted in Fig. 17 . It is found that there is 44.3 • phase margin in the new designed system to realize stability.
V. SIMULATIONS VERIFICATIONS
To verify the validity and feasibility of the proposed converter, PSIM software is utilized for verifications, and the simulation parameters are listed in TABLE 3 .
Simulation results are shown in Figs 
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VI. EXPERIMENTS VERIFICATIONS
A 500W prototype with corresponding parameters of TABLE 4 is built as Fig. 20 and tested in conditions of with the different duty cycles of their captions' descriptions. Therein, v O 1 is symmetric in Fig. 21(a) with about ±120 V and in Fig. 21(b) It is noted that all the experimental results agree well with the theoretical analysis and simulation results. In order to further demonstrate the prototype's efficiency, the proposed converter's efficiency under different power level are marked and measured in Fig. 27 . In detail, there are two cases for efficiency demonstration, one is the orange line measured under the same input voltage and same load but different duty cycles; while the other one is marked with blue line and drawn under the same input voltage, same output voltage, but different loads. It is found that the orange line descends while the blue line ascends with the power increasing, it is reasonable that, to increase the output power, the former one is to turn up the duty cycle which results in more power losses, while the latter one is to enlarge the load resulting in increase of efficiency.
It is remarked that all experimental efficiencies are larger than 90%, and it should be mentioned that the highest one is about 97%.
VII. CONCLUSION
This paper has devised a novel topology structure of threeport converter combining renewable energy applications and energy storage units. The unique topology is characterized with reduced number of components and a unique structure of five-terminal impedance network. It can not only realize different conditions of renewable energy harvesting but also with high-stability of energy storage units. In order to understand this novel topology and its advantages, a detailed analysis is presented within three practical cases to verify its features. Then, small-signal model and close-loop control are conducted to realize the stable control of the converter. Finally, it is followed with thorough verifications of simulations and an experimental prototype in its all cases.
